Summary
Introduction
Irradiation of neural tissue often accompanies radiotherapy for cancer. A variety of neurological syndromes have been recognized following irradiation of the distal spinal cord, cauda equina or lumbosacral plexus. These include the following: (i) a mild transient sensory myelopathy occurring several months after irradiation and resolving spontaneously in most cases (Jones, 1964) ; (ii) an acute myelopathy, developing over hours to days, due to spinal cord infarction (Boden, 1950) ; (iii) a chronic progressive myelopathy with sensorimotor and autonomic features occurring, on average, 14 months post-irradiation (Reagan et al., 1968; Sanyal et ai, 1979) ; (iv) a sensorimotor lumbosacral plexopathy, following irradiation for pelvic neoplasia (Ashenhurst et al., 1977) ; (v) a rare motor syndrome whose pathological basis is uncertain. In this article, we address the last of these syndromes which is characterized by lower motor neuron weakness of the legs, apparently without sensory or sphincter © Oxford University Press 1996 involvement. Although it was first described in 1948 (Greenfield and Stark, 1948) , its subsequent delineation has been impeded by its rarity and the absence of any neuropathological studies.
It is unknown whether the post-irradiation lower motor neuron syndrome results primarily from radiotherapy-induced loss of motor neuron cell bodies from the conus medullaris or alternatively from radiation damage to motor fibres in the nerve roots of the cauda equina. The reported preservation of sensory and sphincter function has provided an arguement against nerve root damage. Our understanding of the pathogenesis and prognosis are also poor. The most frequently described form follows irradiation of standard lower thoracic and upper lumbar vertebral fields as prophylaxis against metastatic spread of testicular tumours. Twenty-five such cases have been reported (Greenfield and Stark, 1948; Maier et al., 1969; Kristensen et al., 1977; Schiodt and Kristensen, 1978; Feistner et al., 1989; Lamy et al., 1991; Grunewald et al., 1992) . Of these, the largest series was reported by Maier et al. (1969) in which 14 of 15 cases who underwent retroperitoneal lymphadenectomy in addition to orchidectomy were described, but no neurophysiological data were recorded. A further group of cases with similar features following treatment of non-testicular neoplasms with varying surgical treatment and radiotherapy fields have been reported (Klaua, 1974; Sadowsky et al., 1976; Ashenhurst et al., 1977; Aho and Sainio, 1983; Horowitz and Stewart, 1983; Glass et al., 1985; Lagueny et al, 1985; De Carolis et al, 1986; Gallego et al, 1986; Berlit and Schwechheimer, 1987) .
We have encountered six patients with leg weakness after radiotherapy for testicular tumours. All had presented with a lower motor neuron syndrome of the legs following irradiation of the para-aortic region as adjuvant therapy following orchidectomy. Our series contains extensive clinical, radiological and neurophysiological data and also the first neuropathological report of autopsied spinal cord and cauda equina, uncomplicated by metastatic disease.
Methods
Eight patients were identified by M.D. or R.G. as possible cases of post-irradiation lower motor neuron syndrome based upon evidence of slowly progressive leg muscle denervation for which no alternative diagnosis was found. Two patients with non-testicular neoplasms were subsequently excluded. One had deteriorated several months after radiotherapy for a renal carcinoma before recovering spontaneously and remaining asymptomatic over a subsequent 2-year followup. The second had been originally treated for Hodgkin's disease but monoclonal paraproteinaemia was newly discovered during investigation of leg weakness. The remaining six patients all had unilateral testicular tumours. Patient 4 had lymphangiographic evidence of iliac node metastases and questionable para-aortic gland involvement. The remaining five cases were without demonstrable metastatic disease. All had been treated by orchidectomy followed by radiotherapy; one (Patient 3) received chemotherapy (vinblastine, chlorambucil and methotrexate) in addition. Radiation dosage schedules (Table 2) were reviewed for all patients. Radiotherapy field maps were available for inspection only in Patients 1, 2 and 4. Radiation fields in the remaining patients (3, 5 and 6) were estimated from residual cutaneous pigmentation. Mean neurological follow-up was 5.5 years (range 2-11 years) and all five surviving patients were reassessed in 1994. CSF analysis was performed in all except Patient 6 who subsequently died and underwent postmortem examination. Imaging (either CT, myelography or MRI) of conus medullaris, cauda equina and pelvis was performed in all patients. MR! was undertaken in Patients 1, 4 and 5. Neurophysiological studies were performed in all cases (Table 3 ). In the five surviving patients these studies were repeated in 1994; the most recent studies performed are reported for Patient 6.
Neuropathological methods
Patient 6 died of a gastrointestinal haemorrhage secondary to erosive oesophagitis during the study period; there had been previous surgery for radiation enteritis. Severe cardiac failure, coronary artery disease and widespread atherosclerosis were noted at post-mortem. The spinal cord was fixed in 10% formalin for 3 weeks prior to examination. Multiple blocks were taken and embedded in paraffin wax. Sections were cut and stained with haematoxylin and eosin, luxol fast blue and cresyl violet, elastic van Gieson and Palmgren stains.
Results

Clinical features (Table 1)
All presented with an overwhelmingly motor disorder beyond the territory of a single root or peripheral nerve. Minor sensory disturbance had been noted at some time by all patients. This sensory disturbance only became apparent in Patients 3, 4 and 5 at intervals of 4, 8 and 6 years, respectively, following the onset of weakness. Mild sphincter symptoms appeared in three (Patients 2, 3, 4) after 6, 9 and 8 years, respectively; these consisted of lack of awareness of bladder filling, dribbling and occasional incontinence. The mean latency from completion of radiotherapy to the onset of any neurological symptom was 11 years (range 3-25).
Investigation to exclude alternative diagnoses was negative in all. CSF analysis was undertaken in five usually revealing normal or mildly raised protein with normal cytology (Table 2) .
Radiotherapy (Table 2)
The mean radiation dose was 4545 rad and all fields included the para-aortic region (vertebral levels T10-L4). Coirradiation of the groin ipsilateral to testicular tumour had been carried out in all patients.
Radiology
MRI, performed in Patients 1, 4 and 5, was abnormal in two demonstrating linear and focal gadolinium enhancement of the lumbosacral roots within the cauda equina (Fig. lAandB) .
Neurophysiology (Table 3)
Neurophysiology in all patients showed chronic partial denervation predominantly affecting the L5-S1 myotomes. Sural SNAPs were normal in all patients except Patient 4, in whom no sensory or motor conduction was measurable probably due to marked dependent oedema. Cortical evoked responses and dermatomal somatosensory evoked potentials were performed in Patients 1, 4 and 5 and were normal, absent and delayed, respectively. 
Neuropathology results
Neuropathological examination of the conus medullaris and cauda equina was carried out in Patient 6. Macroscopic examination revealed no abnormality in the cord but the nerve roots of the cauda equina showed irregular thickening and focal areas of haemorrhagic discolouration ( Fig. 2A and B).
Sections of the spinal cord at all levels were examined. The only abnormality seen was a few small blood vessels with hyalinized walls at the lumbar level. The neuronal component of the central grey was normal at all levels and anterior horn cell bodies readily identified ( Fig. 3A and B) .
Sections of the cauda equina showed occasional nerve roots to be fibrosed with reduced numbers of axons (Fig. 4) . These roots ,. attained clusters of abnormal dilated vascular channels with thickened hyalinized walls ( Fig. 5A and B) . These collections of vessels compressed adjacent nerve fibres. There was evidence of old haemorrhage around some of these abnormal structures. Prominent hyalinization with loss of smooth muscle cells were noted in many arterioles within the cauda equina (Fig. 6A) but not in higher (non-irradiated) cord levels (Fig. 6B) . Larger arterioles were not affected.
Comparison with previous literature
Thirty-five cases with similar presentations to those described above were identified in the literature. Of these, only the 25 cases of testicular tumour were considered for comparison in order to standardize radiotherapy doses and fields. Fifteen had been reported in a single series in !969(Maierefa/., 1969) which included three cases previously reported elsewhere (Greenfield and Stark, 1948) . A mean latency of 25 months (range 6-156 months) after irradiation was noted and all cases exhibited flaccid areflexic leg weakness, which remained unilateral in two. In that series, however, 14 also underwent retroperitoneal lymphadenectomy in addition to orchidectomy with uncertain effects on the vasculature of adjacent tissues. This surgical procedure was not undertaken in our patients. Despite reference to 'bladder atonicity' on urodynamic study of an unspecified number of cases, it was stated that sensory and sphincter symptoms were absent. Neurophysiological studies were not performed (Maier et al., 1969) .
Clinical details of 10 other cases in the literature are summarized in Table 4 . A mean latency of 5.6 years between radiotherapy and symptom onset was noted, with a wide range of 4 months to 23 years. The initial presentation had been monomelic in five, later becoming bilateral in two. Weakness progressively worsened in seven cases over a mean follow-up period of 3.8 years. Case 3 (Table 4 ) recovered incompletely and the remaining two were 'unchanged' over a 5-year follow-up. Sensory features were noted in only two of these previously described cases, emerging after 7 years in one. The eventual degree of disability was unstated in seven, 'severe' in two, and 'mild' in one. Mean follow-up period for the group was 3.4 years.
Radiotherapy fields (Table 5) were similar in these 10 cases to those of our own series. The total irradiation dose was higher (mean 57.24 Gy) than our own series (mean 45.45 Gy) which may explain the shorter latency to neurological disturbance in the more heavily irradiated patients of earlier series. CSF protein was either normal or mildly elevated, as in our patients. Neuroimaging was unremarkable, but only three had undergone MRI (Table 5) , without reported abnormalities of the conus or cauda equina. The neurophysiological data of previously reported cases of post-irradiation lower motor neuron syndrome are shown in laDie o. AS tor our patients, sural SNAPs were normal and motor conduction velocity was normal or slightly slowed with normal compound muscle action potentials. EMG evidence of denervation was reported in nine out of 10 cases. metastatic disease showed segmental demyelination of some cauda equina roots without vasculopathy, anterior horn cell chromatolysis, a peripheral neuropathy with demyelination and axonal degeneration, and myopathy (Berlit and Schwechheimer, 1987) . The possible relationship of these abnormalities to the irradiation was clouded by the presence of disseminated breast carcinoma involving the adjacent lumbar vertebrae.
Discussion
Neuroanatomical considerations
The site of damage in post-irradiation lower motor neuron syndrome has been uncertain. Both the conus medullaris and the cauda equina are included in the radiotherapy fields. Some have favoured damage to the anterior horn cell body (Sadowsky et al., 1976; De Carolis et al., 1986; Gallego et al., 1986; Lamy et al., 1991) , others the lumbosacral plexus (Klaua, 1974) , proximal motor roots (Kristensen etal., 1977) or the proximal motor and sensory roots (Feistner etal., 1989) .
The preservation of sural SNAPs, despite sensory signs in the sural territory observed in our patients implies a lesion proximal to the dorsal root ganglion (at root or cord level). The L5 and SI dorsal root ganglia, from which sural nerve fibres originate, probably lie at the lateral border of the irradiated field. A report of prolonged somatosensory evoked potentials in the absence of sensory symptoms or signs (Feistner et al., 1989) suggests subclinical sensory pathway involvement in previously reported cases with apparently Somatosensory evoked potentials were delayed in three cases lacking sensory symptoms or signs (Feistner et al., 1989) (Patients 8-10, Table 6 ). Only one previously reported case has clearly documented clinical and neurophysiological evidence to exclude sensory pathway involvement during 8 years following irradiation (Case 1, Table 3 ).
An autopsy following lumbar spine irradiation for shrunken and fibrosed nerve roots (arrows). Palmgren's silver. Bar = 50 um.
pure motor deficit. Sensory function had been assessed rigorously in only one patient prior to our own series. The evidence conclusively favours the proximal spinal roots rather than the anterior horn cell bodies as the site of damage: detectable sensory and sphincter abnormalities, abnormal somatosensory evoked potentials, MRI root enhancement and the preservation of conus motor neuron cell bodies at autopsy along with radiation vasculopathy of roots. We conclude that this syndrome is both sensory and motor, may affect sphincter control, and is due to involvement of lumbosacral roots within the cauda equina. It should be named 'the postirradiation lumbosacral radiculopathy'.
Pathophysiology
Hitherto theories of pathogenesis have been unsupported by any pathological study and have been derived from studies of radiation-induced cervical myelopathy (Jellinger and Sturm, 1971) or brachial plexopathy (Stoll and Andrews, 1966; Kori, 1981) and animal studies (Bradley et al., 1977) . Two cases of radiation-induced brachial plexopathy also subjected to radical surgery revealed marked fibrosis of the irradiated nerves with thickened nerve sheaths and demyelination (Stoll and Andrews, 1966) . In the delayed radiation cervical myelopathy there is striking preservation of the spinal roots (Jellinger and Sturm, 1971 ), but marked cord demyelination (Kristensson et al., 1967; Burns et al., 1972) . Although the thoracic cord of irradiated rats closely resembled those findings in human cervical myelopathy, with prominent white p Ik m v matter damage and relative sparing of spinal roots, the changes in the lumbar segments consisted of severe damage to motor and sensory roots with virtual preservation of cord architecture and spinal ganglia (Bradley et al., 1977; van der Kogel, 1979) . Radiation mediated neural damage may involve a cytokine and free-radical-mediated vasculopathy primarily resulting from radiation damage to endothelium (Baker and Krochak, 1989 ). An alternative theory involves radiationinduced smooth muscle cell loss from small arterioles with reduction of precapillary resistance. Arteriolar smooth muscle cell loss following irradiation has been observed in rat brain (Hopewell et al., 1989) , mesenteric vasculature and rat cauda equina (Hirst et al., 1979; van der Kogel, 1979) . The resultant elevation of intracapillary pressure would explain the dilated vascular channels seen in our study. It is possible that the nerve fibre loss in close proximity to those dilated vascular channels results from mechanical compression of axons by the pathologically distended capillaries.
Radiation tolerance
Earlier case series have led to suggested safety thresholds for irradiating neural tissue (Friedman, 1954; Pallis et al., 1961; Maier et al., 1969; Ellis, 1971; Schiodt and Kristensen, 1978; Sanyal et al, 1979) . A midplane tissue dose of 40 Gy to the thoracolumbar region in 20 fractions over 28 days with (^Co) has been recommended as a suitable threshold to avoid leg weakness (Maier et al., 1969) . Estimation of radiation received by neural tissue is dependent on many factors including the number of fractions delivered and the interval between fractions. The nominal standard dose was proposed to rationalize radiotherapy dosage with respect to fraction size and interval:
total dose = nominal standard dose. A/
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where N represents the number of fractions and T the total time in days (Ellis, 1971) . This formula has been modified subsequently. However, the fractionation, in addition to total dose, of radiotherapy remains crucial in estimating toxicity. It is less easy to quantify other influences including the local vasculature, pathological tissue distortion, pre-existing fibrosis, and coincidental tumour tissue. The tolerance of rat spinal cord has been studied. Radiation tolerance based on an endpoint of white matter necrosis does not increase below a dose of 2 Gy (Ang et al., 1985) . The threshold for human spinal cord can be estimated from previous studies, to be ~40 Gy given as 25 fractions (Combes et al., 1975; Wara et al., 1975; Reinhold et al, 1976) . Insufficient data currently exist for equivalent tolerance estimations of the cauda equina in man. However, a progressive necrotizing radiculopathy of the cauda equina in rats has been observed over a dose range of 20-60 Gy (van der Kogel, 1979) . Interestingly, the lumbar cord motor neurons and spinal ganglia are preserved and the cauda equina arteriolar walls thickened in irradiated rats (van der Kogel, 1979) ; this mirrors the findings in our Case 6. Current treatment recommendations are 30 Gy for seminoma and 35 Gy for teratoma over 4 weeks. Chemotherapy has now (Lamy et al, 1991) (2) 25 years (Kristensen et al, 1977) (3) 24 years (Kristensen et al, 1977) (4) 19 years (Kristensen et al, 1977 ) (5)31 years (Schiodt et al, 1978) (6) 35 years (Schiodt et al, 1978 ) (7) 26 years (Grunewald et al, 1992) (8) 34 years (Feistner et al, 1989) (9) 39 years (Feistner et al, 1989) (10)N/S (Feistner et al, 1989) from initial superceded radiotherapy as adjuvant treatment for testicular teratomas (Bamford et al., 1993) . Our six cases and all those previously reported received radiation in excess of 40 Gy and it is unlikely that new cases of post-irradiation motor neuron syndrome will be generated if these new treatment guidelines are followed.
Differential diagnosis
The differential diagnosis of post-irradiation lumbosacral radiculopathy includes neural infiltration by recurrent neoplasm and nerve sheath tumours (Foley et al., 1980) . Useful clinical markers of neoplastic root or plexus infiltration consist of pain at presentation, proximal weakness and unilaterality (Thomas et al., 1985) . CSF cytology excludes malignant meningitis. Our patients show that a mildly raised spinal fluid protein level (0.5-1.2 g T 1 ) is common in radiation neural damage and not necessarily indicative of malignant meningitis.
Radiation plexopathy and the post-irradiation lumbosacral radiculopathy are closely similar: variable latency, progressive course and motor presentation with variable sensory features at the onset occur in both conditions. In 20 cases of lumbosacral radiation plexopathy, a sensory presentation was noted in 30% and pain at some stage in 50% (Thomas et al., 1985) . Weakness was the initial complaint in 60% and the latency was 1-31 years. Bowel or bladder symptoms were noted in 20% and attributed to proctitis or bladder fibrosis. In retrospect it is probable that these patients, with bladder involvement and normal sural SNAPs despite sensory symptoms, had a post-irradiation lumbosacral radiculopathy rather than plexopathy. Indeed the term 'radiculoplexopathy' was coined when paraspinal muscle fibrillations, indicative of a radiculopathy, were found in 50% (Thomas et al., 1985) . Neurophysiological studies may be required to differentiate plexopathy from post-irradiation lower motor neuron syndrome. Sural SNAPs are absent in plexopathy but preserved in post-irradiation lumbosacral radiculopathy.
Myokymia, cited as a useful neurophysiological marker of radiation-induced lumbosacral plexopathy (Thomas et al., 1985) has been demonstrated in post-irradiation lumbosacral radiculopathy (Feistner et al, 1989; Grunewald et al, 1992) as well as three of our own patients. Although it is possible that some cases of post-irradiation lumbosacral radiculopathy Table 4 ; t all data from studies on posterior tibial nerves stimulating adductor hallucis unless otherwise stated; ^figures represent Nl latencies in ms (PI latencies abnormally prolonged in Cases 8-10, TH12 latencies normal in Case 8);
s no figures given in text; ^superficial peroneal nerve studied in this case.
were included in the plexopathy series, myokymia does not appear to distinguish post-irradiation plexopathy from radiculopathy.
Prognosis
The true extent of progressive deterioration in the postirradiation lumbosacral radiculopathy was previously unknown because of the paucity of case reports and brevity of follow-up. Our study does not support the generally held view that leg weakness stabilizes after a variable period of deterioration. Of our five surviving patients with a mean followup of 6 years, four can walk only 200 yards or less and one is wheelchair bound. One patient's walking has been stable for 1 year, but another enjoyed 2 years of stability before deteriorating further.
There is no known cure for this condition. A recent study (Glantz et al., 1994) has suggested a role for low intensity anticoagulation with heparin and warfarin in treatment of cerebral radionecrosis and radiation myelopathy, and noted a 'modest response' in two patients with plexopathy. This therapeutic option merits fuller evaluation in the postirradiation lumbosacral radiculopathy given that our pathological studies show that radiation vasculopathy underlies this condition too.
Conclusion
Our clinical, radiological, neurophysiological, and pathological findings show that this predominantly motor disorder also involves sensory and sphincter abnormalities and is due to radiation vasculopathy affecting the proximal lumbosacral nerve roots within the cauda equina. The preservation of sural SNAPs localizes the responsible lesion to a site proximal to the dorsal root ganglion.
This disorder is seen after an extremely variable latency ranging from months to over two decades. Radiation fields must include the proximal roots for the diagnosis to be tenable, and full investigation is mandatory to exclude recurrent malignant disease.
The prognosis is one of deterioration, although periods of apparent arrest of several years may occur. No effective treatment exists as yet, although anticoagulation may be of some benefit.
We found no evidence to support the existence of a post-irradiation lumbosacral motor neuronopathy. Although substitution of chemotherapy for radiotherapy in the treatment of testicular cancer will further reduce the incidence of this condition, the prolonged latency may result in further cases. In future we suggest that this is called 'post-irradiation lumbosacral radiculopathy'.
